Loss of circulating CD4 ؉ T cells in HIV-1 disease is balanced by CD8 ؉ lymphocytosis to maintain normal CD3 ؉ T cell counts [blind T cell homeostasis (TCH)]. However, for unknown reasons TCH generally fails 1.5-2.5 years before clinically defined AIDS. We investigated whether TCH failure was associated with changes in thymic production of T cells. Using specimens stored prospectively in the Multicenter AIDS Cohort Study (MACS), we measured expression of signal-joint T cell receptor excision circles (sjTRECs), a marker for thymic T cell production, and the fraction of proliferating naive and memory T cells during a 6-8 year period bracketing TCH failure. Segmented regression modeling assessed (1) rates of change in TREC levels before and after TCH failure, and (2) whether these were affected by cellular proliferation, which may dilute sjTREC levels. TCH failure was associated with a large decline in sjTREC (median 1109-fold, p ‫؍‬ 0.028); the rate of this decline was only slightly affected when increased proliferation of naive T cells or other peripheral lymphocytes was taken into account. Preferential loss of naive CD4 ؉ T cells was also noted before TCH failure, as has been seen in other studies. These results suggest that deficits in de novo T cell production, either through the decline of thymic function or the destruction of naive T cells, are likely to play an important role in TCH failure and progression of HIV-1 disease. 501 
INTRODUCTION C
HRONIC HIV-1 DISEASE IS CHARACTERIZED by progressively declining numbers of CD4 ϩ T cells, yet normal total (CD3 ϩ ) T cell counts are maintained for many years. [1] [2] [3] [4] Approximately 1.5-2.5 years (on average) before the onset of AIDS, a marked and sustained decline in total T cell counts begins, which reflects a loss of homeostatic control of T cell levels. [5] [6] [7] The time when this marked decline begins can be defined in the large majority of HIV-infected individuals who develop clinically defined AIDS 6, 7 and its onset predicts the development of AIDS independently of the CD4 ϩ T cell count. 8 Little is known about the mechanisms responsible for the loss of T cell homeostasis (TCH) as HIV disease progresses. In theory, either increased destruction or decreased production of T cells could explain it, and evidence for both exists. [9] [10] [11] [12] [13] [14] [15] [16] In particular, the presence of circulating T cells expressing signal joint (sj) T cell receptor excision circles (TRECs) suggests that thymic production of T cells contributes to maintenance of T cell counts throughout much of the course of HIV infection. Moreover, naive T cells, which are necessary for maintenance of the memory T cell pool, are depleted as HIV disease progresses. 17, 18 Based on these data, we hypothesized that the onset of CD3 ϩ T cell loss preceding AIDS is associated with a depletion of naive T cells. To address this hypothesis, we performed longitudinal measurements of the number of sjTRECs, and both the number and proportion of naive and memory T cells, in HIVinfected men in whom the onset of CD3 ϩ T cell decline was clearly defined. Because sjTREC levels can be reduced simply by dilution among dividing naive and memory T cells, 19 we also measured the proliferation fractions of these cells throughout the study period. The results revealed a dramatic decline in sjTREC levels coincident with the onset of CD3 ϩ T cell de-cline (TCH failure). Relatively modest increases in cellular proliferation occurred over the course of the study period; however, these increases were not sufficient to explain the large decline in sjTRECs levels.
MATERIALS AND METHODS

Study participants
The Multicenter AIDS Cohort Study (MACS) consists of 5622 homosexual and bisexual men recruited between 1984 and 1990 and followed semiannually 20 with laboratory studies [including T cell counts by flow cytometry, 21 as well as storage of pelleted and cryopreserved peripheral blood mononuclear cells (PBMC) from each study visit at Ϫ70°C and Ϫ135°C, respectively 22 ]. The present study included MACS participants who had (1) TCH failure, defined as a stable CD3 ϩ T cell count for Ͼ5 years followed by a decline of Ͼ10% per year before AIDS, 7 (2) no use of HAART, and (3) availability of stored PBMC at more than six study visits, including at least three from before and three from after the time of TCH failure. The time of TCH failure for each individual was determined using published methods. 7 Quantification of sjTRECs sjTRECs were measured in duplicate in DNA isolated from three million PBMC as described, 23 using PBMC pellets from 8 participants and cryopreserved PBMC from 11 others. Replicate differences were always Ͻ15% (median ϭ 4.2%). To control for variability in sample preparation and lysis efficiency, sjTREC values were normalized to the number of albumin genes present in the sample, as determined by comparison with standards (plasmids containing a partial albumin gene, Megabases, Chicago, IL) ranging from 2.4 ϫ 10 0 to 5 ϫ 10 6 plasmids/liter. Albumin replicates were always within 10% (median ϭ 1.4%). The assay had a lower limit of detectability of 200 TRECs/10 6 cells.
Measurement of proliferating lymphocytes
Cryopreserved PBMC were stained for surface markers and then the intracellular proliferation marker Ki-67 24 as follows. Cells were incubated for 20 min with fluorochrome-conjugated monoclonal antibodies: anti-CD45RA-phycoerythrin (BD-Pharmingen, Torreyana, CA), and either anti-CD4-ECD (Beckman-Coulter, Miami, FL) or anti-CD8-ECD (BeckmanCoulter). 7-Amino actinomycin D (Pharmingen) was used to distinguish viable from nonviable cells. 25 (Viability of cryopreserved cells was usually greater than 95% and was never less than 85%.) Finally, cells were permeabilized and fixed with Ortho PermeaFix Solution (Ortho Diagnostic Systems, Raritan, NJ) according to the manufacturer's instructions, and then incubated for 40 min with anti-Ki-67 (fluorescein isothiocyanate, FITC) or IgG 1 -FITC isotype control (Pharmingen) to identify proliferating cells (Ki-67 ϩ ) cells. 24 (In preliminary experiments, Ki-67 was equivalently expressed in fresh and cryopreserved cells.) Samples were washed, resuspended in 500 L phosphate-buffered saline (PBS) containing sodium azide, and analyzed immediately (Beckman-Coulter XL flow cytometer).
At least 1000 naive (staining brightly for CD45RA) and memory (CD45RA Ϫ ) CD4 ϩ and CD8 ϩ cells were analyzed, except in rare populations (e.g., naive CD4 ϩ T cells in subjects with advanced HIV-1 infection), where Ͼ200 cells were analyzed. Proper classification of naive and memory cells was confirmed in 41 of 176 patient visits, where individuals with Ͼ5% CD4 ϩ T cells (nearly all study participants) had essentially equivalent proportions of naive and memory cells based on measurement of the CD45RA bright phenotype or the CD45RA ϩ CD45RO Ϫ phenotype.
To validate Ki-67 as a marker of proliferating T cells, Ki-67 expression was compared with in vivo cellular proliferation fractions measured directly by deuterium labeling as described 26 in 14 HIV ϩ and 4 HIV Ϫ individuals (recruited from the MACS and other ongoing cohort studies). Proliferation fractions obtained by the two methods were significantly correlated (r ϭ 0.58, p ϭ 0.001), and this was not significantly affected under the conservative assumption that all contaminating cells in the naive cell preparations were memory cells (r ϭ 0.62, p ϭ 0.001). Thus, for the longitudinal studies of patients with TCH failure on the 19 study participants, measurements of T cell proliferation fractions were performed using Ki-67.
Statistical analysis
sjTREC values were logarithmically transformed to improve the fit of linear regression models. Overall sjTREC levels before and after TCH failure were compared using Wilcoxon ranksum tests. A more refined analysis of the temporal trends in sjTRECs was performed using segmented regression models with random effects that account for within-individual correlation. The segmented regression component included independent terms that represented the slopes of sjTREC before and after TCH failure. The statistical significance of these slopes (as compared to 0.0) and the comparison of pre-versus post-TCH failure slopes were determined using standard regression methods. To investigate the effect of cellular proliferation on sjTREC levels, the fractions of proliferating cells before and after the time of TCH failure were entered as mediating variables in the multivariate regression model, yielding adjusted estimates of the slopes.
RESULTS
Changes in sjTREC levels
In the 19 individuals studied, sjTRECs were always detectable while TCH was intact (median ϭ 6236.5/10 6 PBMC, range ϭ 364 to 1.44 ϫ 10 5 per 10 6 PBMC), but rapidly declined after TCH failure (median post-TCH failure ϭ 334/10 6 PBMC, p ϭ 0.001). Within-individual declines ranged from approximately 3-to 80,000-fold, with a median decline of 1109-fold. The smaller decreases reflected lower TREC levels before TCH failure, relative to the limit of detection of the assay. Figure 1 shows sjTREC levels normalized by the within-individual median values. The average slope of TREC levels before TCH failure was not significantly different from zero (p ϭ 0.189), but a highly significant decline of 46% per year began at the time the total T cell count began to decline (p ϭ 0.028; Table 1 ). This steep decline was not due to the expansion of CHATTOPADHYAY ET AL. 502 non-T cell populations within PBMC, since the proportion of T cells within PBMCs changed only slightly with TCH failure (median CD3 ϩ cell percentages before and after failure were 63% and 58%, respectively). Moreover, in a subset of individuals for whom the numbers of naive and memory T cells were also measured (n ϭ 8), the rate of sjTREC decline was similar in both PBMC and naive T cells (45% and 47% per year, respectively), suggesting that the decrease in sjTRECs could not be attributed to a dilution caused by a relative expansion of memory T cells over naive cells.
Further evidence that the decline in TREC levels after TCH failure was not due to increased proliferation of T cells came from 11 study participants in whom both the fractions of proliferating (Ki-67 ϩ ) naive and memory T cells and the numbers of sjTRECs were quantified. In general, the fraction of proliferating T cells increased monotonically, i.e., without inflection at the time of TCH failure (Fig. 2) , and therefore was unlikely to account for the sharp decline in TRECs at the time of TCH failure. Small increases in the fraction of proliferating naive cells could, in theory, reduce TREC levels substantially; however, adjustment of the slopes of sjTRECs before and after TCH failure to take into account increases in the fractions of proliferating naive cells had only a minimal effect on the slope of sjTRECs after T cell homeostasis failure (unadjusted ϭ 48%/year, adjusted ϭ 46% per year). Adjustment of sjTRECs for the increases in memory cell proliferation had no statistically significant effect, presumably because these increases oc- curred more than 1 year after the time of TCH failure, by which time the sjTREC had already declined substantially. Thus, increases in the fraction of proliferating T cells were not sufficient to account for the decline in sjTREC after TCH failure.
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Changes in T cell subsets
Naive CD4 ϩ T cells declined as a fraction of lymphocytes during the 3 years before TCH failure, when TRECs per 10 6 PBMC were not declining significantly. Naive CD4 ϩ T cells declined significantly faster than memory/effector (CD45RA Ϫ ) CD4 ϩ T cells (median declines of 48.1% and 31.3% per year, respectively, p ϭ 0.019). Very few naive CD4 ϩ T cells remained at the time of TCH failure (estimated mean ϭ 41 cells/l), suggesting that depletion of these cells may contribute to TCH failure. Of note, the absolute decline in naive CD4 ϩ T cells over the study period was not nearly as great as that in TREC levels (Table 1) . Among CD8 ϩ T cells, both naive and memory cells changed little during the 4 years preceding TCH failure (data not shown); however, after TCH failure, naive CD8 ϩ T cells declined significantly (median rate ϭ 16% per year; p ϭ 0.006; Table 1 ).
As mentioned, the proportion of Ki-67 ϩ cells was higher in all cell types after TCH failure (Fig. 2) . For example, in a representative study participant, the proportion of Ki-67 ϩ cells within the total (CD4 ϩ and CD8 ϩ ) naive cell population increased from 2.76% before TCH failure (median of all time points before failure, range: 2.2-3.3%) to 4.61% after TCH fail-
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Changes in the percentage of proliferating (Ki-67 ϩ ) cells over the study period. The proportion of Ki-67 ϩ cells increased over time for all cell types examined (black trend lines); however, the rates of increase were similar before and after TCH failure. Therefore, these rates of proliferation were unlikely to account for the sharp decline in TREC levels after TCH failure, as confirmed by segmented regression analysis (see text). ure (range: 2.74-5.76%). However, the absolute number of proliferating T cells after TCH failure was either lower (for naive and memory CD4 ϩ cells) or unchanged (for naive and memory CD8 ϩ T cells) relative to pre-TCH failure (Table 1) . Thus, in absolute terms, the number of proliferating CD4 ϩ and CD8 ϩ T cells after TCH failure did not increase to compensate for the loss of these cells. For this reason, the depletion of CD8 ϩ T cells after TCH failure was due almost entirely to the loss of nondividing cells (19%/year for naive cells and 16%/year for memory CD8 ϩ T cells).
Overall, the proportion of naive cells within the T cell compartment [calculated as (naive CD4 ϩ T cell count ϩ naive CD8 ϩ T cell count) divided by the total T cell count] did not change significantly in the 4 years before TCH failure, but fell by 7% per year thereafter (p ϭ 0.013).
DISCUSSION
In most cases, progression of HIV to AIDS is preceded by approximately 2 years of substantial decline in circulating counts of CD3 ϩ T cells. The onset of this decline, termed TCH failure, appears to be an important milestone in the progression of HIV-1 disease to AIDS; however, its cause is not known. Therefore, we performed the most comprehensive longitudinal assessment of naive and memory T cell numbers, sjTREC levels, and T cell proliferation to date. The data obtained, coupled with recent studies validating sjTREC levels as a measure of thymic output, provide new insight into the mechanisms involved in TCH failure. In addition, segmented regression modeling allowed the first adjustment of sjTREC data for the possible effect of changes in directly measured T cell proliferation fractions. Like previous studies, [27] [28] [29] we found lower levels of circulating sjTREC-bearing T cells with disease progression. We extended these studies, which were almost exclusively cross-sectional, by analyzing the timing of sjTREC loss. The most striking finding was the close temporal relationship between a very large decline (median 1109-fold) in circulating sjTRECs and the failure of T cell homeostasis.
Declines in sjTREC levels may be precipitated by multiple factors, acting alone or in combination. Chief among these are (1) increased cellular proliferation, (2) increased sequestration of sjTREC ϩ cells, (3) declines in overall T cell counts, (4) decreased production of new T cells by the thymus, and (5) decreased survival of sjTREC ϩ cells. Our data, and previous reports, argue against some of these possibilities as major mechanisms for the decline in sjTREC observed with TCH failure.
The possibility that proliferation of TREC-bearing cells contributed to the reduction in circulating TRECs 19, 30 should be considered, but several considerations argue that this mechanism is not a major contributor to our findings. In the present study, only a small fraction (4%) of the decline in sjTREC observed at TCH failure was accounted for by naive cell proliferation. This finding is consistent with most studies that have looked specifically at this question. Many studies found only weak correlations between expression of proliferation markers (such as Ki-67) and levels of circulating sjTRECs. 19, 29, 31, 32 Moreover, Dion, et al. 31 recently described trends in two species of TREC (sjTRECs, which are produced late in thymic development, and ␤TRECs, which are formed earlier in thymic development) that were not consistent with a dilution effect caused by enhanced division of naive cells. In that study, people who became infected with HIV exhibited a significant decrease in the ratio of sjTRECs to ␤TRECs, indicating decreased proliferation of thymocytes, only a few months after infection.
It is true that some patients in our study exhibited substantially increased cellular proliferation after TCH failure. However, these large increases are unlikely to have influenced our findings, for at least four reasons. First, as Fig. 1 shows, most of the loss of sjTRECs occurred within the first year after TCH failure. During this time, changes in the proportion of proliferating cells were generally small. Changes in proliferating cells after this time, though large in a few cases, were therefore too late to account for the loss of sjTRECs. Second, the large increases in proliferation were confined to memory cell subsets, which contain very low levels of TRECs. Thus, changes in memory cell proliferation are unlikely to contribute substantially to the massive change in total TREC levels that we observed. To confirm this, we compared the TREC decline in total PBMC to that in naive cells, and found that they were the same. This finding supports the interpretation that the overall TREC decline is not attributable to high levels of memory cell proliferation. Third, when all cellular proliferation data were included in a statistical model, only a small effect of proliferation on TREC levels was found. Finally, some of the increase in the percentage of Ki-67 ϩ cells (i.e., the fraction of proliferating cells) was due to the declines in absolute numbers of CD4 ϩ or CD8 ϩ T cells (the denominators from which the proliferation fractions were calculated). In absolute terms, the number of proliferating cells did not increase over the study period. Taken together, the evidence from this and previous studies suggests that it is unlikely that increases in cellular proliferation are sufficient to account for the large decline in sjTREC at the time of TCH failure.
Increased sequestration of TREC ϩ cells in the lymph nodes of HIV ϩ individuals has been suggested by reports of higher TREC levels in the lymph nodes compared to the peripheral blood. 33, 34 However, there is no evidence that such sequestration increases with disease progression, and a recent study of SIV-infected animals indicated that T cell dynamics in blood and lymph node mirror each other. 35 Moreover, the observation that proliferating lymphocytes labeled with bromodeoxyuridine or deuterium rapidly equilibrate between the blood and lymph nodes 36 also argues strongly against the sequestration of TREC-bearing cells as an explanation for our data.
It is also unlikely that declines in sjTREC merely reflect a general decline in total T cell or naive T cell numbers, because the loss of sjTREC at the time of TCH failure was much more rapid than the loss of either CD3 ϩ or naive T cells. One might wonder if the rapid decline in TRECs we observed is plausible, given the long half-life and low turnover of naive T cells. 37 In fact, a precedent for the occurrence of large changes in TREC levels over the course of a few weeks to months, as we found, is provided by Dion, et al. 31 An additional explanation for the rapid loss of TREC-bearing T cells is that most sjTRECs are contained in the T cell population that has recently emerged from the thymus, and this population turns over much more rapidly than the general naive T cell pool. [38] [39] [40] Therefore, although the decline of sjTRECs may be partially caused by some combination of the factors discussed above, we favor the interpretation that sjTREC decline at the time of TCH failure is largely attributable to decreased survival of TREC-bearing cells and/or decreased thymic production of T cells. Decreased survival of TREC-bearing cells might involve the emergence of X4 strains of HIV, which use the CXCR4 coreceptor and have long been associated with accelerated progression of HIV disease. 41 Of the four study participants for whom data are available, two individuals experienced a switch from CCR5-tropic to CXCR4-tropic viruses (0.25 and 0.75 years before T cell homeostasis failure); the remaining two participants did not 42 (Shepherd and Margolick, unpublished observations). However, in larger and more definitive studies, we previously presented evidence that X4 viruses become abundant, on average, about 0.6 years before the failure of TCH 42, 43 and are present in the vast majority of HIVinfected people who reach this stage of disease progression. 42 X4 viruses might contribute to the depletion of TRECs through both thymic and extrathymic mechanisms, since both thymocytes and naive T cells express CXCR4 more than CCR5. [44] [45] [46] In the thymus, X4 strains could infect (or kill by other means) double-positive thymocytes, thus reducing production of naive T cells expressing TRECs. In the peripheral blood, X4 strains could kill both CD4 ϩ and CD8 ϩ T cells, although depletion of TREC-bearing cells might not be as selective if the mechanism of cytotoxicity depends on CXCR4 expression on mononuclear phagocytes rather than on T cells. 47 Decreased thymic output might be attributed to other mechanisms, as well. For example, Dion et al. 31 observed higher ␤TREC levels in the peripheral blood of people with early HIV infection, compared to HIV-negative donors, possibly reflecting compensation for the loss of sjTREC-bearing cells. They reasoned that one or more of the following mechanisms could cause increased levels of early thymocytes: (1) release of more stem cells from the bone marrow, (2) enhanced survival of thymocytes, or (3) enhanced survival of peripheral recent thymic emigrants. According to this line of reasoning, failure of one (or more) of these mechanisms, coupled with the rapid turnover of TREC-bearing naive T cells relative to other naive T cells, could account for the rapid loss of TRECs that accompanied progression to AIDS in the present study.
It remains unclear to what extent primary thymic failure accounts for loss of T cells and failure of T cell homeostasis in late-stage HIV disease. The fact that naive T cells, TREC levels in PBMC, and thymic size all rose after institution of highly active antiretroviral therapy (HAART), even in people with CD4 ϩ lymphocyte counts Ͻ200/l, 48 suggests that at least some thymic function remains even in people with very low T cell counts and (presumably) T cell homeostasis failure. On the other hand, the clinical benefit of HAART is reduced when it is initiated at CD4 ϩ lymphocyte counts Ͻ200/l, 49 consistent with at least some irreversible thymic damage late in HIV disease. [14] [15] [16] Thus, measurements of TRECs may be helpful in defining more precisely the stage of HIV disease by which HAART should, optimally, be initiated.
